Inclusive φ(1020)-meson production in neutral current deep inelastic e + p scattering has been measured with the ZEUS detector at HERA using an integrated luminosity of 45 pb −1 . The φ mesons were studied in the range 10 < Q 2 < 100 GeV 2 , where Q 2 is the virtuality of the exchanged photon, and in restricted kinematic regions in the transverse momentum, p T , pseudorapidity, η, and the scaled momentum in the Breit frame, x p . Monte Carlo models with the strangeness-suppression factor as determined by analyses of e + e − annihilation events overestimate the cross sections. A smaller value of the strangenesssuppression factor reduces the predicted cross sections, but fails to reproduce the shapes of the measured differential cross sections. High-momentum φ mesons in the current region of the Breit frame give the first direct evidence for the strange sea in the proton at low x.
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Introduction
The total quark content of the proton has been well determined [1, 3, 4, 5] through analyses of inclusive deep inelastic scattering (DIS) data. However, the flavour decomposition of the sea is less well known. So far, experimental constraints on the strange-quark content of the nucleon have come from fixed-target neutrino experiments [7] , which indicate that the ss is suppressed with respect to the uū and dd sea by a factor of about two. This paper reports a study of the production of φ-mesons in neutral current e + p DIS and explores its sensitivity to the strange sea of the proton at low x.
Several mechanisms lead to φ-meson production in DIS. The φ meson, which is a nearly pure ss state, can be produced by the hadronisation of a strange quark created in the hard scattering process of a virtual photon on the strange sea of the proton, γ * s → s, as illustrated in Fig. 1a ). The underlying hard-scattering process is either zeroth order in QCD, namely the quark-parton model (QPM), or first order, γ * s → sg, the QCD Compton reaction (QCDC). Another source of strange quarks is boson-gluon fusion (BGF), γ * g → ss, Fig. 1b) . In contrast to the QPM and QCDC processes, the rate of BGF events is related to the density of gluons in the proton and is, therefore, not directly dependent on the intrinsic sea-quark content of the proton. The hadronisation process alone, without strange quarks being involved in the hard scattering, contributes to the production of φ mesons, as shown in Figs. 1c)-d). In this case, φ mesons are formed from strange quarks created during hadronisation. Hadronisation of strange quarks produced in higher-order QCD reactions related to the splitting of gluons, g → ss, and the decay of higher-mass states, such as the D s meson (Fig. 1e) ), also contribute. In addition, diffractive scattering can produce φ mesons in the final state (Fig. 1f) ).
Strange-particle production in inclusive DIS has been studied at HERA using K 0 mesons and Λ baryons [10, 11] . However, their production rates are dominated by the fragmentation process and by the decays of high-mass states, and are, therefore, insensitive to the presence of strange quarks in the hard scattering process. For φ mesons, the contribution from resonance decays is relatively small. Furthermore, selecting φ mesons with large longitudinal momenta in the Breit frame [12] enhances the contribution from the QPM process of Fig. 1a ).
In this study, the φ mesons were identified through the decay φ → K + K − . Their differential cross sections are presented as functions of
, where k and k ′ are the four-momenta of the initial and scattered lepton and P is the four-momentum of the incoming proton, as well as other variables that characterise the φ-meson production. 1 
Properties of φ mesons in the Breit frame
The Breit frame [12] provides a natural system to separate the radiation of the outgoing struck quark from the proton remnant. In this frame, the exchanged virtual boson with virtuality Q is space-like and has a momentum q = (q 0 , q X B , q Y B , q Z B ) = (0, 0, 0, −Q). In the QPM, the incident quark has p Z B = Q/2 and the outgoing struck quark carries p Z B = −Q/2. All particles with negative p Z B form the current region. These particles are produced by the fragmentation of the struck quark, so that this region is analogous to a single hemisphere of an e + e − annihilation event.
The φ-meson cross sections are presented as a function of the scaled momentum, x p = 2 p/Q, where p is the absolute momentum of the φ meson in the Breit frame. In the QPM process, γ * s → s, this variable is equal to unity for the s-quarks in the current region. As a consequence, leading φ mesons in the current region with x p values close to unity are a measure of the hard scattering of a virtual photon on the strange sea. Gluon radiation and the fragmentation process generally lead to particles with x p < 1, and, much less frequently, to x p > 1.
In the target region, x p can be significantly larger than unity. This is because the maximum momentum of the proton remnant in the QPM is Q(1 − x)/2x, therefore ZEUS is a multipurpose detector described in detail elsewhere [14] . Of particular importance in the present study are the central tracking detector and the calorimeter. The CTD is surrounded by the uranium-scintillator calorimeter, CAL [18] , which is divided into three parts: forward, barrel and rear. The calorimeter is longitudinally segmented into electromagnetic and hadronic sections. The smallest subdivision of the CAL is called a cell. The energy resolution of the calorimeter under test-beam conditions is σ E /E = 0.18/ √ E for electrons and σ E /E = 0.35/ √ E for hadrons (with E in GeV).
The position of positrons scattered at small angles to the positron beam direction was measured using the small-angle rear tracking detector (SRTD) [22, 23] . The energy of the scattered positrons was corrected for the energy loss in the material between the interaction point and the calorimeter using a presampler (PRES) [24, 23] .
Kinematic reconstruction and event selection
The scattered-positron candidate was identified from the pattern of energy deposits in the CAL [25] . The kinematic variables, Q 2 and x, were reconstructed by the following methods:
• the electron method (this method is denoted by the subscript e) uses measurements of the energy and angle of the scattered positron;
• the double angle (DA) method [26] relies on the angles of the scattered positron and of the hadronic energy flow;
• the Jacquet-Blondel (JB) method [28] is based entirely on measurements of the hadronic system.
The DIS event selection was based on the following requirements:
• E e ′ ≥ 10 GeV, where E e ′ is the energy of the scattered positron in the calorimeter after the correction by the PRES;
• 10 < Q 2 e < 100 GeV 2 . The upper cut on Q 2 e was used to reduce the combinatorial background in the φ-meson reconstruction;
• 40 < δ < 60 GeV, where δ = E i (1 − cos θ i ), E i is the energy of the ith calorimeter cell, θ i is its angle, and the sum runs over all cells. This cut further reduces the background from photoproduction and events with large initial-state radiation;
• y e ≤ 0.95, to remove events with fake scattered positrons;
• y JB ≥ 0.04, to improve the accuracy of the DA reconstruction used in systematic checks;
• a primary vertex position, determined from the tracks fitted to the vertex, in the range | Z vertex |< 50 cm, to reduce background events from non-ep interactions;
• the impact point (X, Y ) of the scattered positron in the calorimeter must be within a radius
The reconstruction of the Breit frame and the Q 2 and x variables was performed using the electron method, since it has the best resolution at the relatively low Q 2 values of this data set.
Selection of φ candidates
Charged tracks measured by the CTD and assigned to the primary event vertex were selected. Tracks were required to pass through at least three CTD superlayers and have transverse momenta p T > 200 MeV in the laboratory frame, thus restricting the study to a CTD region where track acceptance and resolution are high.
All pairs of oppositely charged tracks were combined to form the φ candidates. The tracks were assigned the mass of a charged kaon when calculating the invariant mass,
, of each track pair. The events with φ-meson candidates were selected using the following requirements:
• p φ T > 1.7 GeV and −1.7 < η φ < 1.6, where p φ T is the transverse momentum and η φ is the pseudorapidity of the φ meson in the laboratory frame.
The asymmetric cut on η φ was used to avoid the very forward region that has large track multiplicities, resulting in high combinatorial backgrounds. Figure 2a) shows the invariant-mass distribution for φ candidates in the range 10 < Q 2 < 100 GeV 2 . The invariant mass for the leading φ mesons in the current region of the Breit frame, 0.8 < x p < 1.1, is presented in Fig. 2b ). For the latter case, the DIS events containing the φ-meson candidates have x < 0.006. The solid line in each figure is a fit using a relativistic Breit-Wigner (BW) function convoluted with a Gaussian distribution plus a term describing the background:
where a and b are free parameters and m K is the kaon mass. The fit function contains five free parameters: normalisation, peak position, width of the Gaussian distribution, and two parameters describing the background. When the peak position was left free, the resulting fit gave 1019.2 ±0.3 MeV, in agreement with the PDG value of 1019.456 ±0.020 MeV [29] .
The width of the Gaussian was 1.6 ± 0.3 MeV, consistent with the tracking resolution. In order to improve the stability of the fit for the calculations of the differential cross sections, the mass peak and width of the Breit-Wigner function were fixed at the PDG values [29] . The total number of φ-meson candidates determined from this fit was 4950 ± 214, while the number of φ-meson candidates for the high x p region was 181 ± 28.
Event simulations
A good understanding of hadronisation is a pre-requisite for the interpretation of the measured inclusive φ-meson cross sections. At present, only Monte Carlo (MC) models based on leading-order QCD are available to compare with the experimental results, so that the predictions for the rates of ss production are plagued by large model-dependent uncertainties. In MC models based on the Lund string fragmentation [30] , the production ratio of strange to light non-strange quarks is parameterised by the strangeness-suppression factor, λ s = P s /P u,d , where . In e + e − annihilation, the production of φ-mesons has been well described using λ s = 0.3 [31] . However, there are new indications that a larger value, λ s ≃ 0.4, may be needed [35] , or even that a single value cannot accommodate all of the SLD strangeness-production data [36] . When using the same hadronisation model in e + p scattering, the measured K 0 and Λ production rates in DIS [10, 11] and photoproduction [37] indicate the need for a smaller value, λ s ≃ 0.2.
The measured cross sections were compared to various leading-order MC models based on the QCD parton-cascade approach, to incorporate higher-order QCD effects, followed by fragmentation into hadrons. The MC events were generated with LEPTO 6.5 [38] , ARIADNE 4.07 [39] and HERWIG 6.2 [40] using the default parameters in each case. The fragmentation in LEPTO and ARIADNE is simulated using the Lund string model [30] as implemented in PYTHIA [41] , whereas the hadronisation stage in HERWIG is described by a cluster fragmentation model [42] .
The acceptance was calculated using ARIADNE, which was interfaced with HERACLES 4.5.2 [44] using the DJANGOH program [45] in order to incorporate first-order electroweak corrections. The generated events were then passed through a full simulation of the detector using GEANT 3.13 [46] and processed with the same reconstruction program as used for the data. The detector-level MC samples were then selected in the same way as the data.
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The natural width of the Breit-Wigner distribution for φ-meson decays was set to the default value [29] in LEPTO and ARIADNE. The HERWIG model sets the particledecay width to zero and is therefore less realistic for the acceptance calculations. The HERWIG model was used only for comparisons with the final cross sections.
The inclusive φ-meson sample contains a contribution from diffractive processes, which is not well simulated in the MC models mentioned above. These processes are characterised by a rapidity gap, chosen as η max < 2, where η max is defined as the pseudorapidity of the energy deposit in the CAL above 400 MeV closest to the proton direction, and by the presence in the CTD of only a few tracks. Diffractive events with φ mesons were generated with PYTHIA 5.7 [41] and passed through the same simulation of the detector as for inclusive MC events. The MC distributions were fit to the data by varying the fraction of the diffractive φ-meson events from PYTHIA and minimising the χ 2 to obtain good agreement for the multiplicity of charged tracks in the CTD. The fraction of PYTHIA events needed to obtain good agreement between data and MC was 2.7 ± 0.2% of the total number of reconstructed φ-meson events. It was verified that this fraction gives a satisfactory description of the φ-meson events for η max < 2.
Definition of cross sections and systematic uncertainties
The φ-meson cross sections were measured in the kinematic region 10 < Q 2 < 100 GeV 2 , 2 · 10 −4 < x < 10 −2 , 1.7 < p φ T < 7 GeV and −1.7 < η φ < 1.6. The cross sections as a function of a given observable, Y , were determined from
where N is the number of events with a φ-meson candidate in a bin of size ∆Y , A is the correction factor (which takes into account migrations, efficiencies and radiative effects for that bin) and L is the integrated luminosity. The branching ratio, B, for the decay channel φ → K + K − was taken to be 0.492
−0.007 [29] . The acceptance for each kinematic bin was calculated as A rec /A gen , where A rec (A gen ) is the reconstructed (generated) number of events with φ mesons. For the calculation of the acceptance, 2.7% of the total number of inclusive DIS events generated with ARIADNE were replaced by diffractive events from PYTHIA. While the contribution from diffractive φ-meson events is negligible for the full phase-space region, it is important for the high x p region in the Breit frame, since 72% of the diffractive φ-meson events have x p > 0.8.
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The systematic uncertainties of the measured cross sections were estimated from the following (the typical contribution from each item to the uncertainty of the total cross section is indicated in parentheses):
• event reconstruction and selection. Systematic checks were performed by changing the cuts on y e , y JB , δ and the vertex-position requirement: y e ≤ 0.90 (−0.1%), y JB > 0.05 (−0.05%), 42 ≤ δ ≤ 58 GeV (−0.3%), | Z vertex |< 45 cm (+0.4%). The radius cut for the position of the scattered positron in the calorimeter was raised by 1 cm (−0.5%). The minimum accepted energy of the scattered positron was increased by 1 GeV (−0.1%). The positron energy scale was changed within its ±2% uncertainty (
+0.7 %); • the DA method was used to reconstruct the Breit frame (+0.3%) and the kinematic variables (+0.08%);
• the minimum transverse momentum for K-meson candidates was raised by 100 MeV (+0.6%). Tracks were required to have | η |< 1.75, in addition to the requirement of three CTD superlayers (+0.02%);
• the form of the background in the fits was changed to a second-order polynomial function (+0.4%);
• the fraction of diffractive φ-meson events in the Monte Carlo sample was varied in the range 1.9 − 3.5% (±0.03%).
The overall systematic uncertainty for the differential cross sections was determined by adding the above uncertainties in quadrature. The normalisation uncertainty due to that of the luminosity measurement, which is 1.6%, was only added to the overall systematic uncertainty for the total φ-meson cross section. The uncertainty in the φ → K + K − decay branching ratio was not included.
Results
The overall φ-meson acceptance for 10 < Q 2 < 100 GeV 2 , 2 · 10 −4 < x < 10 −2 , 1.7 < p φ T < 7 GeV and −1.7 < η φ < 1.6, estimated with DJANGOH, was 45%. The total φ-meson cross section in this region is σ(e + p → e + φX) = 0.507 ± 0.022(stat.)
This cross section is lower than that predicted by the LEPTO (0.680 nb) and ARIADNE (0.701 nb) models with the CTEQ5D structure function and with the LEP default value of the strangeness-suppression factor, λ s = 0.3. The HERWIG 6.2 model for neutral current DIS processes underestimates the measured φ-meson cross section, predicting 0.36 nb.
In previous studies of neutral kaons and Λ baryons at HERA [10, 11, 37] , it was found that decreasing λ s from its standard value improved the agreement between the Lund MC models and the data. A smaller value of the strangeness-suppression factor, λ s = 0.22, resulted in an inclusive φ-meson cross section of 0.501(0.509) nb for LEPTO (ARIADNE), which agrees well with the present measurement. Therefore, λ s = 0.22 was used as the default for LEPTO and ARIADNE in the following comparisons. A comparison of the data with the predicted cross sections gave an uncertainty of ±0.02 on the λ s value used in this analysis. Figure 3 shows the differential cross sections as a function of p φ T , η φ , x p and Q 2 compared to the LEPTO, ARIADNE and HERWIG models using the CTEQ5D parton distribution functions 2 . The measured cross sections are compiled in Table 1a ) -e). The x p cross sections are shown separately for the current and the target regions. The φ-meson cross sections in the current and the target regions of the Breit frame are distinctly different: the data are concentrated at x p around ∼ 0.5 in the current region, and at ∼ 1 in the target region.
Differential φ-meson cross sections
The MC models based on the Lund fragmentation with λ s = 0.22 reasonably well reproduce the p φ T and Q 2 distributions. Significant differences exist for the distributions of η φ in the laboratory frame and x p in the current region of the Breit frame. In the target region, the MC models underestimate the cross sections. If λ s = 0.3 is used, the MC models based on the string fragmentation agree well with the data in the target region, but significantly overestimate the cross sections in the current region.
In addition to varying the λ s values, different methods to tune the Lund MC models were considered, all of which had a negligible effect on the LEPTO predictions. In particular, the contribution to the φ cross section from charm events, mainly due to D and D s decays, was investigated using AROMA [47] . This model produces charm quarks exclusively through the BGF mechanism, and reproduces the measured D * ± cross sections in DIS [48] . According to AROMA, charm decays account for 20% of the φ mesons, contributing mainly in the target hemisphere. This fraction is larger than that predicted by LEPTO, but it is not sufficient to explain the observed discrepancies. For leading φ mesons (x p > 0.8) in the current region, charm events give a negligible contribution. 2 The leading-order set, CTEQ5L, gave very similar results.
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In order to disentangle the different contributions to the φ-meson production and to investigate the observed discrepancies, the MC samples were divided into a few subsamples. Figure 3 illustrates the contributions of QPM/QCDC interactions on an s ors quark of the proton sea. In this case, a struck s ors quark produces a φ meson after the hadronisation process. The φ-meson cross section in the current region of the Breit frame contains a significant fraction of events produced by hard scatterings of the virtual photon on the strange sea. This fraction rises with increasing p φ T and x p values, while the contribution to φ-meson production from strange quarks produced solely in the hadronisation process becomes negligible for x p > 0.8. In contrast, the target region contains a small contribution from the QPM/QCDC events, since the second s ors from an ss pair participating in the interaction usually escapes undetected in the very forward region. Figure 3 also indicates the contribution of BGF processes in which the flavour of the produced quark is s ors. The fraction of these BGF events is larger in the target region than in the current region.
The φ-meson cross section as a function of x
Production of φ mesons was investigated as a function of x. The s-quark density increases with decreasing x; however, the BGF contribution also increases with decreasing x due to the rise of the gluon density. Thus, the φ-meson cross section as a function of x depends on both the strange sea and the gluon density.
The differential cross sections as a function of x for two Q 2 regions, 10 < Q 2 < 35 GeV 2 and 35 < Q 2 < 100 GeV 2 , are shown in Fig. 4 . Table 2 gives the values of the cross sections. The φ-meson differential cross section increases as x decreases down to the kinematic limit. The LEPTO and HERWIG MCs reproduce this rise. The LEPTO model shows the contributions of events in which a φ meson is produced after hadronisation of an s (s) quark emerging from the hard interaction. The contributions from the QPM/QCDC and BGF processes rise with decreasing x due to the rise of the s-quark and the gluon density in the proton.
Leading φ mesons
The MC predictions for leading φ mesons (x p > 0.8), usually corresponding to high p φ T in the laboratory frame, have small uncertainties both in the simulation of the QCD processes and in the hadronisation mechanism; for a given strange-sea density, the scattering of the virtual photon on a strange quark is described by the QED process, γ * s → s. Any additional gluon emissions are not important for x p > 0.8, since such processes lead to strange quarks with smaller x p . Figure 5 and Table 1f) show the cross sections for three x p bins in the current region of the Breit frame for the full Q 2 range, after removing the diffractive contribution with η max < 2. The hatched bands represent uncertainties in the simulation of the φ-meson production by the MC models LEPTO, ARIADNE and HERWIG. The uncertainty due to λ s values between 0.2 and 0.3 is also included, such that the upper bounds of the hatched area for x p < 0.8 correspond to LEPTO with λ s = 0.3, while the lower bounds of this area indicate the HERWIG predictions. For x p > 0.8, the HERWIG prediction is between LEPTO with λ s = 0.2 and λ s = 0.3. The predicted cross sections of ARIADNE are always within the shaded bands.
The MC uncertainties are small for x p > 0.8. The predictions are shown with and without the contribution from the process of Fig. 1a ). The measured cross section clearly requires a contribution from interactions with the strange sea. The MCs with the CTEQ5D or the MRST99(c-g) [3] (not shown) parton distribution functions reproduce the measured rate of φ mesons. In these parameterisations, the strange sea is suppressed with respect to the non-strange sea, with the ratio ss/dd in the range 0.25 − 0.5, depending on x. The predictions correctly describe the results and thus confirm the strange-quark suppression, even though the Q 2 values of this data are significantly larger than the strange-quark mass.
Conclusions
Inclusive φ-meson cross sections have been measured in deep inelastic scattering for 10 < Q 2 < 100 GeV 2 , 2 · 10 −4 < x < 10 −2 , 1.7 < p φ T < 7 GeV and −1.7 < η φ < 1.6. The MC predictions with a strangeness-suppression factor λ s = 0.3 overestimate the measured cross sections. A smaller value of the strangeness-suppression factor, λ s = 0.22 ± 0.02, reduces the predicted cross sections and gives a good description of the total φ-meson cross section, as well as of the differential p φ T , Q 2 and x cross sections. However, Monte Carlo models based on Lund fragmentation fail to describe the η φ and the x p cross sections. The HERWIG simulation describes the measured cross section in the current region well, but predicts a smaller overall cross section than that measured; φ-meson production in the target region is underestimated by all MC models.
The production of φ mesons in the current region of the Breit frame has a significant contribution from the hard scattering of a virtual photon on the strange sea of the proton. The predictions for the rate of high-momentum φ mesons with large values of the scaled momentum, x p > 0.8, in the current region of the Breit frame have small uncertainties, since the φ production in this region is dominated by γ * s → s scattering. To reproduce the observed rate of φ mesons at high x p , the MC models require a significant contribution from the strange sea of the proton. In this region, the measured cross section is correctly reproduced by these models when γ * s → s scattering is included. These results constitute the first direct evidence for the existence of the strange sea in the proton at x < 0.006. a) range (GeV) dσ/dp p T φ (GeV) dσ / dp 
